An analysis of MRI derived cortical complexity in premature-born adults: Regional patterns, risk factors, and potential significance, NeuroImage (2020), doi: https://doi.Abstract 1 Premature birth bears an increased risk for aberrant brain development concerning its 2 structure and function. Cortical complexity (CC) expresses the fractal dimension of the brain 3 surface and changes during neurodevelopment. We hypothesized that CC is altered after 4 premature birth and associated with long-term cognitive development.
Introduction
adulthood (Blanton et al., 2001; Kalmanti and Maris, 2007; Madan and Kensinger, 2016; 1 Shyu et al., 2010) . Moreover, CC has been shown to be altered in disease: reduced CC is 2 associated with long-term cognitive development and cognitive decline in patients with 3 Alzheimer's dementia (King et al., 2010; Mustafa et al., 2012; Sandu et al., 2014b) . Recently, 4 we described long-term alterations of gyrification in premature-born adults, suggesting that 5 the development of the brain's basic geometry -i.e., the geometrical relations on the brain's 6 surface -follows a distinct trajectory after premature birth (Hedderich et al., 2019) . 7 Based on the link between CC and both brain development and cognitive functioning over the 8 life-course, we hypothesized that alterations of CC -as a marker of brain surface geometry -9 could be detected as a long-term effect of early disruptions of neurodevelopment, which 10 premature-born individuals are at increased risk for. Furthermore, we hypothesized that these 11 alterations in CC link with cognitive abilities and their long-term development. We tested Declaration of Helsinki and was approved by the local institutional review boards. Written 1 consent was obtained from all participants. All study participants received travel expenses and 2 a small payment for participation. A more detailed description of participants, including 3 incidental brain MRI findings can be found in previous publications (Bauml et al., 2015; 4 Grothe et al., 2017). 5 6 2.2. Gestational age (GA) was estimated from maternal reports on the first day of the last 8 menstrual period and serial ultrasounds during pregnancy. In cases where the two measures 9 differed by more than two weeks, clinical assessment at birth with the Dubowitz method was 10 applied (Dubowitz et al., 1970) . Maternal age, birth weight (BW) and duration of 11 hospitalization, were obtained from obstetric records. Family socioeconomic status (SES) was 12 assessed through structured parental interviews within 10 days of childbirth. SES was 13 computed as a weighted composite score based on the profession of the self-identified head of 14 each family together with the highest educational qualification held by either parent (Bauer, 15 1988). Developmental Quotient items (Brandt, 1983) . At 27 years of age, study participants were 20 assessed using a short version of the German Wechsler Adults Intelligence Scale, Third 21 edition (WAIS-III) (von Aster et al., 2006) : The assessment took place prior to and 22 independent of the MRI scan and was carried out by trained psychologists who were blinded 23 to group membership. Consecutively, full-scale intelligence quotient (FS-IQ) performance al., 2013), which then allows for the computation of multiple morphometric parameters, 1 including CC based on spherical harmonic reconstructions (Yotter et al., 2011). 2 In brief, T1-weighted images underwent tissue segmentation into grey matter, white matter 3 and cerebrospinal fluid. Topological correction is performed through an approach based on 4 spherical harmonics (Yotter et al., 2011 ). An adapted volume-based diffeomorphic DARTEL 5 algorithm was then applied to the surface for spherical registration. Local CC was computed 6 as described previously (Yotter et al., 2011) . Central cortical surfaces were created for both 7 hemispheres separately. Finally, all scans were re-sampled and smoothed with a Gaussian 8 kernel of 30 mm (FWHM). To determine differences in CC between groups, a two-sample t-test was performed in 12 SPM12, adjusting for sex and scanner as covariates of no interest. Contrasts were processed 13 using threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009) analyses were two-sided at p<0.05. To determine associations between CC, aspects of 23 premature birth and cognitive performance, partial correlation analyses and mediation development at 20 months of age and full-scale IQ in adulthood, a mediation analysis was 1 performed using the PROCESS toolbox (version 3.0) (Hayes, 2017) . In the mediation model, as the mediator variable, and MRI scanner and sex as covariates of no interest. Path 5 coefficients for total effect, direct effect and indirect effect were estimated using 6 (unstandardized) regression coefficients from multiple regression analyses, and statistical 7 significance of the indirect effect was tested using a nonparametric bootstrap approach (with 8 20.000 repetitions) to obtain 95% confidence intervals. We calculated p-values for indirect 9 effects based on 95% confidence intervals, standard error and estimated effect as described by 10 Altman and Bland (Altman and Bland, 2011) . In order to test the specificity of CC as 11 mediator, additional mediation analyses were performed exchanging CC values with GA and 12 BW as mediators. of GA and BW in the VP/VLBW group is depicted in Appendix Figure A. 1. There were no 4 significant differences between the VP/VLBW and FT group regarding age at scanning 5 (p=0.765), sex (p=0.167), SES at birth (p=0.492), and maternal age (p=0.889). By design, 6 VP/VLBW subjects had significantly lower GA (p<0.001) and lower BW (p<0.001), they 7 were hospitalized for a longer time after birth (p<0.001). VP/VLBW subjects had 8 significantly lower developmental quotient (DQ) scores at 20 months (p<0.001) and adult FS-9 IQ scores (p<0.001). School success was significantly lower for VP/VLBW individuals 10 (median scores and interquartile range 5 [4-9] and 8 [5-9] for VP/VLBW and FT individuals, 11 respectively; p<0.001) as measured on an ordinal scale ranging from 1 (low success) to 9 12 (high success) (for more information about measured school success, please see Table S .1).
13
No statistical differences between groups were detected regarding neuropsychiatric disorders 
Widespread decreases in cortical complexity in premature-born adults 1
Group comparison of FT vs. VP/VLBW subjects revealed significantly decreased CC in the 2 premature-born adults cohort. CC decrease was more pronounced for the right hemisphere.
3
Overall, six clusters were identified: Major clusters could be found bilaterally in the lateral 4 temporal cortex and the medial parietal cortex including the posterior cingulate gyrus and 5 spreading to the medial occipital cortex. The group difference of CC in the medial parietal 6 cortex was pronounced in the right hemisphere, whereas CC decreases in VP/VLBW subjects 7 were distributed rather symmetrically in the lateral temporal cortex. Additionally, two smaller 8 clusters were identified in the right hemisphere: One cluster was located in the frontal 9 operculum and another one in the occipitotemporal junction. CC decrease clusters in 10 VP/VLBW subjects are depicted in Figure 1A . As sex potentially influences cortical brain 11 structure, we tested for effects of sex on CC in the group difference clusters. We observed a 12 significant association between sex and CC in the bilateral medial parietal clusters (p=0.018 13 and p=0.004 for the right and left side, respectively). There were no interaction effects Cortical complexity is decreased in the adult brain after premature birth, namely in medial 14 parietal and lateral temporal cortices ( Figure 1A) . CC decrease is linked with GA and BW, 15 indicating its relation with prematurity ( Figure 1B and 1C) . Interestingly, there is no development of the human brain cortex (Thompson et al., 2005) . However, the published data 20 is scarce and does not include major neurodevelopmental pathologies such as autism spectrum 21 disorder (ASD).
22
We have found widespread bilateral clusters of decreased CC in premature-born adults, 23 expressing persistent changes in cortical shape. Based on the presumed biological substrate of 24 decreased CC the implication is altered cortical shape in terms of less convoluted gyri, more which fits quite well with previous studies on adult or adolescent cortical surface shape after 1 premature birth (Eikenes et al., 2011; Skranes et al., 2013) . Moreover, the difference in CC 2 links neurodevelopmental psychiatric disorders with structural brain abnormalities in 3 premature-born individuals, who have been showed to be at increased risk for psychiatric 4 illness (Nosarti et al., 2012; Saigal and Doyle, 2008) .
5
In our study, we observed a correlation between school success and cortical complexity in the 6 right medial parietal lobe and the left lateral temporal lobe, which highlights the potential 7 influence of socioenvironmental factors on adult brain structure. These factors should also be 8 taken into account and larger studies with more biographical information about the 9 participants are needed in order to explore these influences. In the context of CC changing 10 over the life span as discussed above, two other non-exclusive interpretations of our findings 11 arise: On the one hand, the observed decrease in CC reflects delayed cortical development 12 shifted towards a different developmental trajectory, on the other hand, it is the manifestation 13 of accelerated localized brain aging. Owing to the cross-sectional study design, we cannot 14 make certain inferences from our data, however the spatial distribution might help with the 15 interpretation as discussed more below. 16 17 4.2. Spatially distinct clusters of decreased cortical complexity after premature birth 18 We have observed decreased CC in two large, bilateral temporal and parietal clusters and in 19 two smaller clusters in the right frontoopercular and occipitotemporal region. While the 20 lateral temporal CC clusters are rather symmetrical, the medial parietal cluster is more 21 sizeable on the right side than its counterpart in the left hemisphere. Regarding the cerebral 22 cortex, the most distinct aberrations in premature-born individuals have been shown for the 23 lateral temporal and insular region with reduced volumes in adolescence and an association 24 with gestational age (Nosarti et al., 2014 (Nosarti et al., , 2008 Shang et al., 2019 Shang et al., , 2018 . Other volumetric temporolateral cortices (Kesler et al., 2008; Lemola et al., 2017; Scheinost et al., 2017; Zhou 1 et al., 2018) . Cortical thickness was reported to be reduced in left temporoparietal cortices in 2 premature-born adolescents and widespread areas of surface reduction spanned large portions 3 of frontotemporoparietal cortices (Bjuland et al., 2013; Sølsnes et al., 2015) . In addition to 4 reduced regional brain volume, a difference in brain function was shown as measured by 5 decreased amplitudes of low-frequency fluctuations on resting state functional MRI in lateral 6 temporal cortices (Shang et al., 2018) . In conclusion, the lateral temporal cortex can be 7 considered a region that is notoriously affected by premature birth and shows lasting 8 aberrations.
9
In contrast, the medial parietal clusters affect regions that have so far not been identified , 2006) . One has to keep in mind that the studies cited above linking brain surface 5 geometry with cognitive performance provide rather correlational but not causal evidence in 6 either direction between the two. However, in the light of this correlational evidence and the 7 results of our mediation analysis, we conclude that medial parietal CC constitutes a potential 8 cortical marker of long-term cognitive development.
9
The functional relevance of fractal dimension in brain imaging has been emphasized by its , 2014b) . Studying the relationship between cognitive decline and brain surface geometry, 18 complexity of the cortical ribbon was shown to be positively correlated with cognitive 19 function in patients with Alzheimer's disease and normal controls (King et al., 2010) . In 20 addition, the authors showed that the association between cortex markers and advanced 21 cognitive decline was higher for cortical ribbon fractal dimension compared to cortical 22 thickness and gyrification index (King et al., 2010) .
23
Drawing on evidence from studies suggesting a link between cortical complexity and 24 cognitive development or decay, we connected these observations to sequelae of prematurity. adulthood. We propose that measuring cortical complexity can serve as an additional metric 10 for determining effects of prematurity and potentially yields prognostic information.
11
However, more research and translation of our findings into younger cohorts of premature-12 born individuals is needed in order to better understand cortical development after premature 13 birth. If successful, we propose that CC might become a potential outcome variable in 14 intervention studies that aim at improving neurocognitive outcomes after premature birth. Abbreviations: GA: gestational age; BW: birth weight; g: grams voxel-based morphometry study. PLoS One 1-13. 
